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Fault coupling and potential for earthquakes
on the creeping section of the central
San Andreas Fault
Jeremy Maurer1 and Kaj Johnson2
1

Department of Geophysics, School of Earth Sciences, Stanford University, Stanford, California, USA, 2Department of
Geological Sciences, Indiana University, Bloomington, Indiana, USA

Abstract The 150 km long central section of the San Andreas Fault (CSAF) in central California creeps at
the surface and has not produced a large earthquake historically. However, sections of the San Andreas
Fault to the north and south are known to have ruptured repeatedly in M~7–8 earthquakes. It is currently
unclear whether the creeping CSAF could rupture in large earthquakes, either individually or along with
earthquakes on the locked sections to the north and south. We invert Global Positioning System and
interferometric synthetic aperture radar data with elastic block models to estimate the degree of locking
on the CSAF and place bounds on the moment accumulation rate on the fault. We ﬁnd that the inferred
moment accumulation rate is highly dependent on the long-term fault slip rate, which is poorly constrained
along the CSAF. The inferred moment accumulation rate, normalized by shear modulus, ranges from 3.28 × 104
to 5.85 × 107 m3/yr, which is equivalent to a Mw = 5.5–7.2 earthquake every 150 years for a long-term slip
rate of 26 mm/yr and Mw = 7.3–7.65 for a long-term slip rate of 34 mm/yr. The comparisons of slip distributions
with microseismicity and repeating earthquakes indicate a possible locked patch between 10 and 20 km
depth on the CSAF that could potentially rupture with Mw = 6.5.

1. Introduction
The San Andreas Fault (SAF) is the major plate-bounding fault that accommodates most of the 39 mm/yr
of motion between the Sierra Nevada-Great Valley Block and the Paciﬁc Plate in central California [Argus
and Gordon, 2001; Titus et al., 2006]. The SAF has a history of large earthquakes, including the 1906 San
Francisco earthquake and the 1857 Fort Tejon earthquake, which occurred on the northern and southern
segments of the fault, respectively (Figure 1a). However, the central section displays a signiﬁcant amount of
surface creep [Titus et al., 2006] and has no unambiguous record of a large historical earthquake. Yet
geodetic data suggest that there is strain accumulating across the central creeping section [Ryder and
Bürgmann, 2008].
It has been traditionally assumed that the creeping section of the San Andreas Fault has low potential for
large earthquakes. This assumption is based on the observation that creep rates on the creeping segment of
San Andreas are near the long-term (geologic) slip rate of 35 mm/yr inferred at Wallace Creek [Sieh and Jahns,
1984] and the lack of large earthquakes in the historical record [Toppozada et al., 2002]. For example, the
Uniﬁed California Earthquake Rupture Forecast 2 (UCERF2) assumed a maximum earthquake magnitude of
6.0 for the creeping section of the SAF [Petersen et al., 2008]. This is in contrast with the Carrizo section farther
south that has ruptured multiple times in large events over the past 600 years [Akçiz et al., 2010; Scharer et al.,
2010]. However, recent advances in the numerical simulations of earthquakes suggest that the creeping
regions of the faults may rupture dynamically under appropriate conditions [Noda and Lapusta, 2013]. The
purpose of this study is to examine the strain accumulation across the creeping SAF (CSAF) and quantify the
moment accumulation rate on the CSAF using the geodetic data.
Figure 1a shows the GPS-derived velocity ﬁeld in a stable North American reference frame [Field et al., 2013],
and Figure 1b shows the interferometric synthetic aperture radar (InSAR) line of sight (LOS) velocities [Ryder
and Bürgmann, 2008]. The discontinuity in LOS velocities across the central SAF indicates extensive shallow
surface creep. The velocity proﬁles in Figure 2 show a discontinuity in the GPS-derived velocities across the
creeping section of the SAF (Figure 2b) of ~20–25 mm/yr and an ~10–15 mm/yr discontinuity across the
Calaveras Fault (Figure 2a). There is a hint of strain accumulation within 10 km of either side of the central
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Figure 1. GPS and InSAR data used in the inversions. (a) GPS stations with velocities for central and southern California. The dashed green box shows the extent of
the stations used in our inversions. Compilation from UCERF3, data provided the courtesy of Tom Herring. Tick marks represent the extent of the 1857 and 1906
rupture zones. Lines A-A′, B-B′, and C-C′ are locations for the GPS velocity proﬁles shown in Figure 2. The gray dashed box shows the portion of the fault for which we
model moment accumulation. (b) Unwrapped InSAR data [Ryder and Bürgmann, 2008]. The circle shows human-induced subsidence at Coalinga.

creeping SAF in Figure 2b. In contrast, the southern (Figure 2c) and northern (Figure 2a) proﬁles exhibit a
gradual gradient in the GPS-derived velocities across the SAF with no velocity discontinuity indicating that
the fault is locked near the surface.
Direct surface creep observations show that the surface creep rate is not uniform along the CSAF [Titus
et al., 2006]. Figure 3 shows a compilation of observed surface creep rates in an along-strike CSAF proﬁle
demonstrating a SE to NW transition from locked (zero creep) at the surface south of Parkﬁeld to the
maximum surface creep rates of 25–35 mm/yr between 10 and 70 km north of Parkﬁeld and a return to
nearly zero surface creep at the northern end near San Juan Bautista. Figure 3 combines the measurements
of surface creep from InSAR, creepmeters, short-baseline GPS theodolite surveys, and offset cultural features
[Brown and Wallace, 1968; Burford and Harsh, 1980; Burford, 1988; Titus et al., 2005, 2006; Lienkaemper et al., 2012;
Tong et al., 2013].
Ryder and Bürgmann [2008] conducted a kinematic back slip inversion of GPS and InSAR data to show that a
signiﬁcant amount of slip deﬁcit could be accumulating along the CSAF with a total moment deﬁcit
corresponding to a Mw = 7.2–7.4 earthquake every 150 years. However, regularization assumptions were
made in their back slip inversion, and the reported range does not constitute formal uncertainties for their
model. A principal goal of our study is to estimate the robust upper and lower bounds on moment
accumulation rate on the CSAF using elastic models and GPS and InSAR data shown in Figure 1.
This work is motivated by several important scientiﬁc and hazard questions including the following:
(1) What is the range of the estimates for moment accumulation rate along the CSAF allowable by geodetic
data? (2) What is the potential size of future earthquakes rupturing within the CSAF? (3) What is the
potential for earthquakes to rupture through the entire CSAF, either after nucleating within the creeping
segment itself or propagating from the north or south locked sections? We quantify the answer to
question (1) in this paper, whereas we cannot completely answer questions (2) and (3), so we provide
some speculative inferences from this study and provide a few comments on the earthquake hazards of
possible scenarios.

2. Data
Our inversions for moment accumulation rate are constrained by GPS and InSAR data. GPS-derived velocities
from 334 stations are shown in Figure 1a. These GPS velocities are a compilation from the Working Group
for California Earthquake Probabilities UCERF3 project [Field et al., 2013]. We also use the InSAR line
of sight velocity ﬁeld constructed for the creeping SAF segment by Ryder and Bürgmann [2008], shown
in Figure 1b.
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There are several important differences
between the InSAR data and the GPS
data that must be considered in a joint
inversion. The InSAR observations,
spaced at approximately 160 m
intervals, are more spatially dense than
the GPS observations with an average
spacing of 10–12 km and therefore
provide better constraints on the nearfault displacement gradients than GPS.
However, the InSAR scenes only cover
about half of the total spatial area
encompassed by GPS. The InSAR data
have poorer constraints on slip at depth
compared to the GPS data. We handle
the differences in the data using two
methods: quadtree reduction and
relative weighting.
We decimate the very large InSAR LOS
data set (1.2 × 106 data points) to make
the inversion more tractable using
quadtree reduction sampling [Jónsson
et al., 2002; Pedersen et al., 2003] as
shown in Figure 4. This method
allows us to reduce the number of data
points without losing signiﬁcant
information by using large cells in
regions with low deformation gradients
and small cells in areas of high gradients
in velocities.

Relative weighting of the GPS and
InSAR data sets for the inversions must
(c)
be assigned carefully, because the
number of InSAR observations
Figure 2. Three GPS velocity proﬁles across the SAF. The locations of the (1615 after quadtree reduction) far
proﬁles are given in Figure 1. Vertical gray dashed lines represent the
exceeds the number of GPS
locations of major fault strands (SAF–San Andreas Fault and CF–Calaveras observations (334 stations, each with
Fault). (a) Proﬁle crosses both major faults and shows the Calaveras
northing and easting components).
creeping. (b) Proﬁle is from the center of the creeping section. There is
a signiﬁcant discontinuity in velocities, but some deformation may be Furthermore, the formal data
uncertainties, especially for the GPS
indicated by the slightly curved proﬁles near SAF. (c) Proﬁle is south of
Parkﬁeld and displays the characteristic arctangent proﬁle of the
data, are likely small relative to
locked section.
unknown model uncertainties, so the
use of formal uncertainties in the
inversions may yield overly optimistic model parameter uncertainties. Thus, we scale the formal
uncertainties using the maximum likelihood values as in the method of Johnson and Fukuda [2010]. We
assume uncorrelated data errors.
−40
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3. Methods
We use four general methods to gain insight into the rate of moment accumulation on the CSAF:
(1) traditional regularized back slip inversions with imposed smoothing, (2) unsmoothed back slip
inversions, (3) moment-constrained inversions, and (4) bootstrap estimates of moment accumulation rate.
Each of these methods is described in detail below, and all inversions are conducted in an elastic block
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Figure 3. Plot of surface creep rates observed on the CSAF. From UCERF3
compilation [Brown and Wallace, 1968; Burford and Harsh, 1980; Burford,
1988; Titus et al., 2005, 2006; Lienkaemper et al., 2012; Tong et al., 2013].
Vertical dashed lines show the location of Parkﬁeld and San Juan Bautista.
The thick horizontal dashed line shows the visual average of surface creep
rate on the creeping section, while the minimum and maximum lines show
the variation from the average in the data. The scatter in the data is particularly evident in the central creeping section and may be partly due to
partitioned slip across various minor fault strands.

10.1002/2013JB010741

model framework as discussed in
the next section. Each method we
use addresses a different aspect of
our problem: the smoothed back slip
inversions allow us to compare our
model results with seismicity
distributions and surface creep rates,
the unsmoothed and momentbounded inversions provide robust
estimates of moment accumulation
rates that are independent of
smoothing parameters, and
bootstrapping provides formal
estimates of uncertainty in the total
moment accumulation rates.
3.1. Block Model With Back Slip

Our basic methodology adopts an
elastic block model with distributed
back slip [Savage and Burford, 1973;
McCaffrey, 2002]. The crust is modeled as an elastic half-space composed of discrete fault-bounded blocks that
are rigid over the long term but deform elastically during the interseismic period due to fault coupling. Spatially,
variable back slip is estimated on the CSAF by discretizing the fault into 1692 patches of size ~3 km2. We
discretize the fault from ~45 km SE of Parkﬁeld to ~13 km NW of San Juan Bautista. The block geometry is
illustrated in Figure 5a.
In this study we do not simultaneously solve for block motions (fault slip rates) and the distribution of back
slip on discretized patches. We ﬁrst use the GPS-derived velocities to determine block motions and
consequent slip rates from a simpler model, in which the central SAF is treated as fully creeping above
10 km depth and locked between 10 and 15 km depth. The SAF south and north of the creeping section
and all other faults are assumed to be locked from the surface to 15 km depth. As shown in Figure 5a, we
model four faults in addition to the SAF, corresponding to the Hosgri, Rinconada, Calaveras, and Frontal
Range faults. With this block model, we ﬁnd that the GPS data are consistent with a range of models
including a maximum slip rate of 34 mm/yr on the SAF and a minimum slip rate of 26 mm/yr. This range

Figure 4. Quadtree decimation of InSAR data. (a) Quadtree reduced image. The initial data set number approximately
6
1.2 × 10 points, while the reduced set was approximately 1600 points. Color scale is in the centimeters of line of sight
range change. White blocks represent the areas of no data [Ryder and Bürgmann, 2008]. (b) Standard deviation of the
scatter within each block.
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overlaps with the nearest documented
slip rates of 34 ± 3 mm/yr on the
Carrizo Plain section of the SAF
[Sieh and Jahns, 1984] and 26.2 + 6.4/
 4.3 mm/yr near Parkﬁeld [Toké
et al., 2011].
The observed surface velocities as
measured by GPS and InSAR are
modeled as
V total ¼ V block þ V elastic þ V backslip ; (1)
where Vtotal is the total velocity ﬁeld
vector, Vblock is the vector of rigidbody velocities due to block rotation
rates, Velastic is a vector of velocities
due to elastic deformation associated
with back slip on sources outside the
discretized creeping section, and
Vbackslip is the vector of velocities due
to back slip on the discretized
creeping section. Vbackslip is estimated
after ﬁxing Vblock + Velastic, as
described above. A residual velocity
ﬁeld due, in principle, entirely to
coupling on the creeping section is
obtained as
V backslip ¼ V total – V block – V elastic :

(2)

Figures 5b and 5c show the long-term
fault slip rates and residual velocity
ﬁeld, Vbackslip, for both of the endmember models (26 mm/yr and
34 mm/yr SAF slip rates).
The forward model for slip on the fault
assumes a linear relationship between
the surface deformation and the vector
of back slip rate, ṡ, on the patches of the
creeping section,
V backslip ¼ G ṡ

(3)

where G is the matrix of elastic halfspace Green’s function responses to
slip on patches [Okada, 1992].
Figure 5. Details of the block model used for our inversions. (a) Fault block
geometry. Numbers refer to the block velocities, given as range (low/high)
that correspond to long-term slip rates on the CSAF of 26–34 mm/yr. HF–
Hosgri Fault, RF–Rinconada Fault, SAF–San Andreas Fault, CF–Calaveras
Fault, and FR–Frontal Range. (b) The residual GPS ﬁeld, Vbackslip, for a longterm slip rate of 34 mm/yr overlaid on the fault block map. These GPS
velocities were used in the back slip inversions to compute slip rates on the
CSAF, as explained in the text. (c) Vbackslip for a long-term rate of 26 mm/yr.

3.2. Back Slip Inversions

We conduct two types of kinematic
back slip inversions. Both compute
back slip rates, ṡ, by minimizing the L2
norm of the weighted-residual
between the observed and predicted
velocities. That is, we minimize
||dw  Gw ṡ||2, where subscript w denotes weighting by data standard deviations and d denotes the vector
of observed velocities.
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3.2.1. Smoothed and Bounded Inversions
In the smoothed inversion, we conduct the following optimization:
Minimize : jjdw  Gw ṡ jj2 þ βjjL ṡjj

(4)

Subject to 0 < ṡ < long-term slip rate;

where L is the discrete second derivative operator and β is a smoothing trade-off parameter. The back slip rate is
bounded to avoid negative back slip rates (creep rate higher than the long-term rate) and back slip rates exceeding
the long-term rate (left-lateral slip on the fault). For ﬁxed β, this is a standard bounded least squares inversion.
3.2.2. Unsmoothed Bounded Inversions
In the unsmoothed bounded inversion, we conduct the following optimization:
Minimize jjd  G ṡjj 2
(5)

Subject to 0 < ṡ < long-term slip rate:
The results allow us to compute moment rate while avoiding the additional uncertainty of introducing
smoothing into our model.
3.3. Constrained Moment Inversions

We follow the approach of Murray and Segall [2002] and Johnson et al. [1994] to place extremal bounds on
moment accumulation rate. We solve the following (unsmoothed) optimization with moment accumulation
rate constrained to a ﬁxed value, Ṁo:
Minimize jjd  G ṡj j2
Subject to ∑ si Ai ¼ Μ̇Ο =μ

(6)

i

and 0 < ṡi < long-term slip rate:
Here μ is the shear modulus of the fault, ṡi is the slip rate on the ith patch, and Ai is the area of the ith patch. For
this paper, we will typically normalize moment rate by μ (called potency) to avoid introducing further
uncertainty into our results, but when moment rate is cited, we assume a value for μ equal to 30 GPa. We
conduct the optimization many times while sweeping through values for Ṁo, ranging from the minimum
value (fully creeping) to the maximum value (fully locked). To identify the range of Ṁo values that ﬁt the data,
we assume Gaussian errors and ﬁnd the values of Ṁo that give us a χ 2 value within the theoretical 95%
conﬁdence interval for the number of degrees of freedom. Gaussian statistics are not likely to be correct for
the model results but provide a starting point when analyzing the results.
Although the fault is discretized to ~45 km south of Parkﬁeld, we bound the moment only on patches
extending from ~5 km NW of Parkﬁeld up to the NW end of the discretized domain (Figures 1 and 11). We
include the branch of the Calaveras Fault discretized in our model in our moment bounding calculations and
exclude the Parkﬁeld locked patch and the locked section to the southeast of Parkﬁeld. Unless noted otherwise,
all moment accumulation rates cited in this paper for the creeping section are computed over this domain.
3.4. Bootstrapping
In addition to the moment bounding method described above, we also obtain formal conﬁdence intervals for
moment accumulation rate using bootstrapping [Mooney and Duval, 1993; Murray and Segall, 2002]. The
bootstrap conﬁdence intervals are independent of the magnitude of the formal errors and in fact
independent of the assumed statistical structure of data errors. We bootstrap the estimate of moment
accumulation rate from 500 bootstrapping samples for each long-term slip rate. In order to reduce
computational time required, we used only GPS data for bootstrapping.

4. Results
4.1. Scaled Data Errors
We conducted a smoothed, bounded inversion to scale the GPS and InSAR errors using a maximum likelihood
method of Johnson and Fukuda [2010]. The maximum likelihood method effectively scales the data variances to
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Figure 6. Trade-off curves showing the optimum range of β for each long-term slip rate. The smoothed slip distributions
shown for each represent high, low, and intermediate values for β and also show the variation in the slip distributions
with only slight changes in β. Roughness is the inverse of the norm of the model Laplacian smoothing operator, and
2
reduced χ is the residual sum for the model output divided by degrees of freedom (ν). Black ﬁlled square is Parkﬁeld,
and hollow square is San Juan Bautista. (a) Trade-off curve for a slip rate of 34 mm/yr. (b) Trade-off curve for a long-term
slip rate of 26 mm/yr.

match the variance of residuals from the best ﬁtting model. The GPS errors are scaled by a factor of 3.36, while the
InSAR data are scaled by a factor of 1.9 for the inversions with long-term slip rate of 34 mm/yr. For the 26 mm/yr
long-term slip rate model, the GPS errors are scaled by a factor of 3.46, and the InSAR scale factor is 1.8.
4.2. Smoothed Bounded Inversions
To select a preferred value for the smoothing parameter, β, we construct a trade-off curve (Figure 6) of χ 2
value as a function of model roughness, (jjLṡjj1). Figure 6 also shows the selected slip distributions for high,
low, and intermediate values of β for each long-term slip rate.
The slip distributions can be compared with known locked regions on the fault. The locked area on the
southernmost end of the fault model corresponds to the locked Carrizo section of the SAF that last
ruptured in the 1857 Fort Tejon earthquake (Figure 1). Just north of this region, the Parkﬁeld locked patch is
visible as a shallow locked area. This feature of the model is clearly related to Parkﬁeld, but its exact location
(very shallow in some models) does not correspond exactly with previous studies [Murray et al., 2001;
Barbot et al., 2009], possibly due to postseismic signals from the 2004 Parkﬁeld earthquake in the GPS data,
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2

Figure 7. (a) Misﬁt curve for a long-term slip rate of 34 mm/yr. Plot shows normalized moment accumulation rate versus normalized χ on the left axis. The 95%
cutoff line is equivalent to conﬁdence intervals, assuming Gaussian statistics, with degrees of freedom, equal to the number of data points. Moment accumulation rate is computed over the region northeast of Parkﬁeld (see dashed box in Figure 1a and Figure 11). Shaded area shows results with nonsystematic GPS residuals.
Bootstrapped moment rates shown as histogram. Range of 150 year earthquake magnitudes from Ryder and Bürgmann [2008] shown for comparison. (b–e) Slip
distributions correspond to normalized moment rate values in Figure 7a.

which were partly removed by ﬁtting log functions to the time series (Tom Herring, personal communication).
At the northernmost end of the western (SAF) branch of the modeled fault, a small locked region is visible,
corresponding to the southern end of the locked Peninsula segment of the SAF that likely ruptured in the 1906
earthquake. The dramatic change in slip values at the bifurcation of the SAF and Calaveras is due to slip
partitioning between the two segments.
Our results show the creeping section extending to a depth of approximately 10 km. Below this, there is a
locked patch that appears in all the smoothed inversions independent of slip rate or any reasonable value
of β. The locked region spans 10 to 20 km depth and has a length of approximately 30 km. North of the
branch, the SAF is mostly creeping with small amounts of near-surface locking, while the Calaveras branch
model (not shown) is mainly creeping with some small locked patches. The location and size of these
locked patches however depend on the speciﬁc slip rate and smoothing parameter imposed.
4.3. Unsmoothed Moment-Bounded Inversions
We now seek a robust estimate of a total moment accumulation rate that is not conditioned on smoothing. In
principal, a total moment rate should be better constrained than the back slip distribution, because it is an
integrated quantity of a more uncertain parameter.

Figure 8. Same as Figure 7 but for long-term SAF slip rate of 26 mm/yr.
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Figure 9. Two plots comparing (a) nonsystematic and (b) systematic GPS residuals. Both plots are from models that use a
long-term slip rate of 34 mm/yr, but the plot on the left is from a model within the gray shaded area on the bathtub curve in
Figure 8, while the plot on the left is from a model outside of that region. The systematic errors in Figure 9b imply that the
2
model is not adequately ﬁtting the data, even if the reduced χ value is acceptable, and thus, the model is rejected. This plot
shows that systematic residuals may occur even with small changes in the residual norm relative to the best ﬁtting model.

We run a suite of unsmoothed, potency-bounded inversions (equation (6)) by ﬁxing the potency on the
fault to interval values between zero and the maximum possible value, corresponding to completely
creeping and completely locked faults. For each potency value, we compute a reduced χ 2 value and plot
potency versus χ 2. Figures 7 and 8 show the misﬁt curves along with the bootstrap distribution displayed
as a histogram. Higher misﬁts are associated with the end-member potency accumulation rates, while a
rather broad, somewhat ﬂat-bottomed central region of the curve deﬁnes a range of potency accumulation
rates that ﬁt the data reasonably well.
Selecting a threshold χ 2 value from the curve is problematic. Ideally, we would be able to identify those
models that ﬁt well versus models that ﬁt poorly. A horizontal line in Figures 7 and 8 shows the formal 95%
conﬁdence limit for a χ 2 distribution with 2283 d.f. (number of data is 2283). However, our inverse problem is
nonlinear, and therefore, statistics of a χ 2 distribution (implying Gaussian-distributed errors and a linear
model) are not entirely applicable. In addition, since the true degrees of freedom is unknown in bounded
problems, the stated number is the maximum possible value and implies that some models included would
fall outside the bounds in a more conservative approach.
Visual inspection of the actual data misﬁts shows this is the case, as some models within the 95% conﬁdence
limit have systematic GPS residuals (Figure 9). Therefore, we identify, by inspection, a narrower range of
models that ﬁt within the 95% conﬁdence limit and display no systematic GPS misﬁts. The corresponding
range of potency accumulation rates is designated with a gray box in Figures 7 and 8. We refer to this as the
“optimum range.” Figure 9 compares a GPS residual velocity ﬁeld displaying systematic misﬁt (outside the
optimum range) to a residual velocity ﬁeld that displays no systematic misﬁt (within the optimum range).
The two curves indicate a broad range of acceptable potency accumulation rates on the CSAF and Calaveras
Fault north of Parkﬁeld. Our potency bounding results show an optimal range of 1.62–5.85 × 107 m3/yr for a
long-term slip rate of 34 mm/yr and 0.003–1.31 × 107 m3/yr for a long-term slip rate of 26 mm/yr. These
ranges show how the choice of a long-term slip rate greatly affects the inferred range of “acceptable” potency
accumulation rates.
The bootstrap distributions are also plotted on Figures 7 and 8 for comparison with the misﬁt curves. The 95%
bootstrap conﬁdence intervals are 2.744–4.176 × 107 m3/yr for a long-term slip rate of 34 mm/yr and 2.556–
8.039 × 106 m3/yr for long-term slip rate of 26 mm/yr. The bootstrap conﬁdence limits are narrower than
the formal χ 2 95% conﬁdence interval on the misﬁt curves and more closely approximate our qualitatively
determined optimum range shown in the gray boxes.
The equivalent 150 year moment magnitude associated with the computed moment accumulation rate is also
shown in Figures 7 and 8, assuming a shear modulus of 30 GPa. Depending upon the choice of a long-term slip
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Figure 10. Comparison of model creep with seismicity and observed surface creep rates. (a) Surface creep rates. The locations
of Parkﬁeld and San Juan Bautista are plotted for reference. (b) Example of smoothed inversion result with observed seismicity
superimposed. The top ﬁgure uses a long-term slip rate of 34 mm/yr and the bottom ﬁgure uses 26 mm/yr. White dots are
microseismic events; colored dots are repeating earthquakes from Nadeau et al. [1995] and are colored at the same scale as
the slip distribution. The origin is located at 120.2050°W, 35.6517°N longitude and latitude, or approximately 60 km south of
Coalinga, CA, and approximately 45 km southeast of Parkﬁeld. (c) Histograms comparing seismicity rates for the three sections
of the SAF: Parkﬁeld, the creeping section, and the Peninsula SAF. The area, where we infer a possible locked patch, corresponds to an area of low seismicity observed in the creeping section.

rate, the 150 year equivalent earthquake magnitude varies between Mw = 5.5 and Mw = 7.65. Figures 12 and 13
show similar results for each individual section of the fault. Thus, there may be a signiﬁcant potential for a
moderate to large earthquake on the creeping section of the SAF. However, without a better constraint on the
long-term slip rate, it is not possible to rule out nearly zero moment accumulation.
The range of potency accumulation rates for the SAF north of the Parkﬁeld section (excluding the Calaveras
Fault ) is 1.4–5.2 × 107 m3/yr for 34 mm/yr and 0.003–1.2 × 107 m3/yr for 26 mm/yr. Similarly, the bootstrapped
range is 2.34–3.40 × 107 m3/yr (34 mm/yr) and 1.69–6.78 × 106 m3/yr (26 mm/yr).

5. Discussion
5.1. Comparison With Seismicity and Surface Creep Rates
In Figure 10, we compare observed background seismicity [Waldhauser and Schaff, 2008], repeating
earthquakes [Nadeau and McEvilly, 2004], and surface creep rates (Figure 3) with our smoothed inversion
results, using a high value for β from Figure 6 for each long-term slip rate.
Modeled and observed surface creep rates are compared in Figure 10a. The spatial patterns of creep are
similar; however, note that the Parkﬁeld locked region is not well resolved in our fault model. As we
explained earlier, this may be due to the postseismic signal in the GPS data from the 2004 Parkﬁeld
earthquake that has not been completely removed (Tom Herring, personal communication). There is a
signiﬁcant scatter in the observed data in the highest creep rate region, with InSAR measurements [Tong
et al., 2013] systematically lower than alignment array measurements [Burford and Harsh, 1980; Titus et al.,
2006]. Some scatter may be due to time-dependent changes in creep rate on the fault [Ben-Zion
et al., 1993].
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Table 1. Earthquakes Presumed to Occur on the CSAF and Southern Calaveras Fault
Date
11 Nov 1800
18 Jun 1840
3 Jul 1841
29 Jul 1841
2 Sep 1853
14 Jul 1855
9 Jan 1857
9 Jan 1857
9 Jan 1857
17 Apr 1860
2 Feb 1881
6 Mar 1882
30 Mar 1883
31 Mar 1885
2 Apr 1885
12 Apr 1885
24 Apr 1890
6 Jul 1899
3 Mar 1901
18 May 1906
27 Apr 1908
6 Aug 1916
10 Mar 1922
18 Aug 1922
8 Jan 1934
28 Jun 1966
28 Jun 1966

Latitude

Longitude

Magnitude

Notes

36.800
36.850
36.825
36.800
36.250
36.150
36.100
36.290
36.200
36.350
36.050
36.400
36.800
36.500
36.450
36.300
36.900
36.900
36.200
36.840
36.000
36.670
36.100
36.100
35.950
35.960
35.950

121.500
121.500
121.500
121.450
120.800
120.700
120.650
120.850
120.800
120.950
120.550
121.000
121.500
121.100
121.050
120.900
121.600
121.400
120.700
121.540
120.550
121.250
120.600
120.600
120.500
120.505
120.500

5.5
6.5
5.9
5.8
6.0
5.5
6.1
5.6
7.9
6.0
6.0
6.0
6.0
5.7
5.9
6.5
6.3
5.8
6.4
5.6
5.8
5.6
6.3
5.7
6.0
5.5
6.0

San Juan Bautista
San Juan Bautista
San Juan Bautista
San Juan Bautista
50 km NW of Parkﬁeld
Priest Valley
b
North of Parkﬁeld, foreshock
North of Parkﬁeld, foreshock
b
Fort Tejon earthquake
Near Bitterwater
b
Parkﬁeld
Near Bitterwater
San Juan Bautista
North of Bitterwater
North of Bitterwater
Lonoak
Pajaro Gap
San Juan Bautista
b
Parkﬁeld
San Juan Bautista
b
Parkﬁeld
Palcines area
b
Parkﬁeld
b
Parkﬁeld
b
Parkﬁeld
b
Parkﬁeld
b
Parkﬁeld

a

8

3

From Toppozada et al. [2002]. These earthquakes give a total normalized moment release of 1.30 × 10 m /yr for the
6 3
entire 166 year period. Excluding the Parkﬁeld and Fort Tejon earthquakes, we get a total of 3.85 × 10 m /yr.
b
Denotes events excluded in this calculation.

Figure 10b shows the smoothed slip distributions with background seismicity. Creep rates estimated from
repeating earthquakes are plotted with the same color scale as estimated creep rates from our model.
Microseismic events (nonrepeating) are plotted as white dots. Short-wavelength ﬂuctuations in creep rates
in the repeating earthquake data set are not seen in our slip inversions; however, the general pattern of
inferred creep rate distribution is similar in the two independent estimates. The region near the inferred
locked area seen in Figure 10b shows a lower seismicity rate than other areas. This potential locked area, if
ruptured in a single earthquake, would correspond to approximately a Mw = 6.5 earthquake based on
moment-area scaling relations given by Wells and Coppersmith [1994]. Visual inspection of the repeating
earthquake data near the inferred locked patch hints that creep rates taper from the long-term rate near
the surface to a lower rate just above the locked patch, consistent with shadowing of creep around a locked
patch. The inferred locked patch on the central creeping section at depths of 10–20 km is below the
majority of background seismicity on the central section of the SAF. Although the seismicity rates below

Figure 11. Smoothed slip distribution (34 mm/yr) with inferred locations of historical CSAF earthquakes from Toppozada
et al., 2002 plotted at zero depth (yellow circles). The 20 October 2012 Mw 5.4 event is also shown in purple. The dashed
lines deﬁne the sections discussed in the text and plotted in Figures 11 and 12. The Parkﬁeld section was excluded from the
overall moment accumulation rates discussed in the text and plotted in Figures 7 and 8.
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Figure 12. Moment accumulation rates on the four sections of our modeled fault, using both moment bounding and bootstrapping methods. (a) Parkﬁeld section. (b) Central creeping section between ~5 km north of Parkﬁeld and the location
where the Calaveras Fault branches off the SAF. (c) Calaveras Fault section. (d) SAF Peninsula section, north of the branch.

10 km depth are relatively low everywhere on the fault, there is a hint of lower background seismicity rate
within the inferred locked patch between 10 and 18 km depth than at the same depths to the north on the
Peninsula section and to the south on the Parkﬁeld section, as can be seen in Figure 10c.
There are several indications that the creeping section can produce moderate-sized earthquakes. Toppozada
et al. [2002] identiﬁed historical earthquakes stretching back to the midnineteenth century that could have
occurred on the SAF. That list includes several Mw > 5.5 earthquakes that occurred in the vicinity of the creeping
section (Table 1). These earthquakes are plotted in Figure 11 at zero depth on a smoothed back slip model
(34 mm/yr slip rate). It should be noted that the locations and magnitudes of these earthquakes are highly
uncertain and depths are unknown, but the spatial correlation of the events with inferred locked areas is
interesting. The location of a Mw 6.5 event shown in Figure 11 coincides with the location of the possible
inferred locked area in our model. Sieh [1978] discusses several foreshock reports from the great 1857 Fort
Tejon earthquake. In his study, he tentatively concludes that the foreshocks originated in the Parkﬁeld-Cholame
region and initiated the main shock event. However, he points out that a location farther north, in the southern
creeping section, is more likely based on the reports of shaking. If this were the case, then rupture on the
creeping section would be closely tied to the initiation of a great earthquake event. Finally, a Mw 5.4 earthquake
occurred on 21 October 2012 on a fault splay off the SAF, near the central part of the creeping section. This
earthquake is also shown in Figure 11. Its location corresponds to the edge of the possible locked area.
The computed total normalized moment release in the Toppozada compilation, excluding the Parkﬁeld events,
over the 116 year time period is 3.85 × 106 m3/yr. This number is within the range given in Figure 8 for a long-term
slip rate of 26 mm/yr. However, the total amount of time covered by this historical record is short on the scale of
earthquake recurrence intervals and so may not be representative of long-term moment release on the fault.
5.2. Moment Accumulation by Fault Section
We subdivide the model fault into four sections, corresponding to the creeping section, Calaveras Fault, and
southern Peninsula section, and a combined Parkﬁeld/Carrizo section (Figure 11). Our reported moment
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Figure 13. Bootstrap results shown as boxplots comparing each section of the fault for both long-term slip rates. The
moment rate for Parkﬁeld computed by Murray and Segall [2002] and the moment rate for the creeping section computed
by Ryder and Bürgmann [2008] are shown for comparison. Indentations on the boxplots show 95% conﬁdence intervals for the
median moment rate. (a) Boxplots for 34 mm/yr long-term slip rate. (b) Boxplots for 26 mm/yr long-term slip rate. Note the
difference in scale for Figures 13a and 13b.

accumulation rates above corresponded with the three sections north of Parkﬁeld. Figure 12 shows the
moment bounding results for each fault section for a long-term slip rate of 34 mm/yr. Figure 13 shows
bootstrapping results as boxplots, for both long-term slip rates, for each fault section. Ryder and Bürgmann
[2008] estimated a 150 year equivalent Mw of 7.2–7.4 for the creeping section, similar to our results
(see Figure 12b and Figure 13).
5.3. Uncertainties in the Back Slip Model
There are several kinds of inherent uncertainties in the moment accumulation rates using the back slip
approach. We ﬁnd that one of the most important is the actual long-term slip rate on the CSAF. A difference
in this parameter of only 7 mm/yr of slip leads to completely distinct moment accumulation conﬁdence
regions, as can be seen from Figures 7 and 8. In addition, we make no statements regarding the moment
accumulation rates for long-term slip rates between our upper and lower end-members, or the likelihood of
models given some intermediate rate. Determination of this parameter, coupled with an understanding of how
much moment accumulation is released aseismically versus seismically, will allow better resolution of the real
rupture hazard posed by the fault. There are currently no peer-reviewed published estimates of the Holocene
slip rate on the creeping section north of Parkﬁeld. Hay et al. [1989] do ﬁnd a long-term rate of at least 28 mm/yr
at Flook Ranch, near Bitterwater valley; however, they ﬁnd a much higher rate of 34 mm/yr since 1885. The
nearest well-documented rates are 26 + 6.4/  4.3 at Parkﬁeld [Toké et al., 2011] and 34 +/ 3 mm/yr at Wallace
Creek on the Carrizo segment [Sieh and Jahns, 1984].
There is also uncertainty about how much of the deformation around the CSAF should be mapped into the
coupling on the fault. As noted by Titus et al. [2011], some of the off-fault deformation along the CSAF could be
accommodated by folds and faults in the surrounding rock. Titus et al. [2011] concluded up to half of the
present-day fault-parallel deformation must be accommodated off of the CSAF. Ryder and Bürgmann [2008] and
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Toké et al. [2011] also give evidence that supports deformation on subparallel fault strands, with the caveat that
some of these strands may join the SAF at depth [Simpson et al., 2006]. Off-fault deformation was not explicitly
considered in our moment accumulation rate estimates; however, our end-member slip rate models (26 mm/yr
and 34 mm/yr) may capture the range of the allowable interpretations of motion across the CSAF including
placing all of the motion on the SAF (34 mm/yr model) and place some of the motion onto the structures off of
the fault (26 mm/yr model). We also do not account for the inﬂuence of elastic heterogeneity in our study.
Incorporating these other aspects of the geology would be a valuable contribution to future work in this area.
We must also acknowledge that there is also uncertainty about the percentage of accumulated moment that
is actually released in earthquakes. It is well known that rapid creep after earthquakes (afterslip) releases
some of the slip deﬁcit [Freed, 2007; Barbot et al., 2009]. Transient slip after large 1857- and 1906-type events
may drive slip rates on the creeping section higher than the long-term slip rate [Ben-Zion et al., 1993]. The slip
distributions in Figure 6 indicate that if there is a locked area on the central creeping section, it could be quite
small, but it is not possible to rule out larger locked regions.

6. Conclusions
We have computed a range of allowable moment accumulation rates on the creeping segment of the SAF
constrained by GPS-derived velocities and InSAR LOS velocities. The moment accumulation range is highly
dependent on the assumed long-term slip rate and is rather broad even given a slip rate. The inferred
moment accumulation rate, normalized by shear modulus, ranges from 3.28 × 104 to 5.85 × 107 m3/yr, which
is equivalent to a Mw = 5.5–7.2 earthquake every 150 years for a long-term slip rate of 26 mm/yr and
Mw = 7.3–7.65 for a long-term slip rate of 34 mm/yr. There may be evidence, based on smoothed slip distributions
and seismicity patterns, for a locked region at depth on the CSAF with an area capable of producing Mw = 6.5
earthquakes from magnitude-area scaling.
Future work on this problem should address the long-term slip rate for the region, the amount of permanent,
off-fault deformation, as well as elastic heterogeneity, as these factors are critical for determining moment
deﬁcit rate. Probabilistic approaches could also be proﬁtably applied to this study and for example provide
moment accumulation rates for a range of long-term slip rates. We have not considered data covariances;
future studies should take correlated errors into consideration to ensure rigorous bounds on moment
accumulation rate. Finally, the correspondence between interseismic moment accumulation and moment
release during an earthquake is not clear [Murray and Segall, 2002]. Answers to these key questions will allow
us to better determine the true seismic hazard on the CSAF.
Although we do not directly discuss the idea in this paper, our study hints that the CSAF may not be the
barrier to throughgoing SAF earthquakes that is often assumed but instead may have the potential to
nucleate moderate to large earthquakes within the creeping section or sustain earthquakes propagating into
the creeping section from the north or south. It at least seems plausible that the presence of a large locked
patch at depth on the CSAF could initiate other larger events or even lead to a throughgoing rupture through
the entire CSAF. Future estimates of seismic hazard on the SAF should take into consideration the possibility
for a moderate to large earthquake to occur on the creeping section.
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